(3.) Another, better, method was used. Two frogs, whose brains had been destroyed as before, were taken, and into the dorsal lym. phatic sac of each a small drop of 5 per cent, strychnine was injected. A minute afterwards only 0-1 cub. centim. of 10 per cent. 0 lutidine was injected into one frog (A ), the other (B ) remaining as before.
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Prof. Gr. G. Stokes. Discussion o f the Results [May 12, were made in a building, which has the advantage of sheltering the anemometer from wind, which is always more or less fitful, but the disadvantage of creating an eddying vorticose movement in the whole mass of air operated o n ; whereas in the ordinary employment of the anemometer the eddies it forms are carried away by the wind, and the same is the case to a very great extent when an anemometer is whirled in the open air in a gentle breeze. Thus, though Dr. Robinson employed among others an anemometer of the Kew pattern his experiments and those of Mr. Jeffery are not duplicates of each other, even independently of the fact that the axis of the anemometer was vertical in Mr. Jeffery's and horizontal in Dr. Robinson's experi ments ; so that the greater completeness of the latter does not cause them to supersede the former.
In Mr. Jeffery's experiments the anemometers operated on were mounted a little beyond and above the outer edge of one of the steam merry-go-rounds in the grounds of the Crystal Palace, so as to be as far as practicable out of the way of any vortex which it might create. The distance of the axis of the anemometer from the axis of the " merry " being known, and the number of revolutions (n) of the latter during an experiment counted, the total space traversed by the anemo meter was known. The number (IST) of apparent revolutions of the anemometer, that is, the number of revolutions relatively to the , was recorded on a dial attached to the anemometer, which was read at the beginning and end of each experiment. As the machine would only go round one way, the cups had to be taken off and replaced in a reverse position, in order to reverse the direction of revolution of the anemo meter. The true number of revolutions of the anemometer was, of course, N +w , or Nn,according as the rotations of th and the machine were in the same or opposite directions.
The horizontal motion of the air over the whirling machine during any experiment was determined from observations of a dial anemo meter with 3-inch cups on 8-inch arms, which was fixed on a wooden stand m the same horizontal plane as that in which the cups of the experimental instrument revolved, at a distance estimated at about 30 feet from the outside of the whirling frame. The motion of the centres of the cups was deduced from the readings of the dial of the fixed anemometer at the beginning and end of each experiment, the motion of the air being assumed as usual to be three times that of the cups.
The experiments were naturally made on fairly calm days, still the effect of the wind, though small, is not insensible. In default of further information, we must take its velocity as equal to the mean velocity during the experiment.
Let V be the velocity of the anemometer (i.e., of its axis), W that of the wind, 6 the angle between the direction of motion of the anemometer and that of the wind. Then the velocity of the anemo meter relatively to the wind will be- 
... (»)
The mean effect of the wind in a revolution of the merry will be different according as we suppose the moment of inertia of the anemometer very small or very great.
If we suppose it very small, the anemometer may be supposed to he moving at any moment at the rate due to the relative velocity at that moment, and therefore the mean velocity of rotation of the cups in one revolution of the merry will be that corresponding to the mean relative velocity of the anemometer and the air. If, as is practically the case, W be small as compared with V, we may expand (a.) in a rapidly converging series according to ascending powers of W. All the odd powers will disappear in taking the mean, and if we neglect the fourth and higher powers we shall have for the mean 1881] 0f some Experiments with Whirled. Anemometers. 173 so that W2-4-4Y is the small correction to be added to the measured velocity of the anemometer in order to correct for the wind. On the other hand, if the moment of inertia of the anemometer be taken as very great, the rate of rotation of the cups during a revolu tion of the merry will be sensibly constant. If V' be the velocity of the anemometer relatively to the air, v the velocity of the centre of one of the cups, and if we suppose the rotation of the anemometer resisted by a force of which the moment is F, then, according to Dr. Robinson's researches, we have approximately F = A Y '2 -2Bi>V' -Ct>2.
In the present case friction is not taken into account, and instead of F we must take the moment of the effective moving force. Further more, it appears from the experiments of Dr. Robinson, in Dublin, that the observations were almost as well satisfied by taking the first two terms only of the above expression for F as by taking all three, and this simplification may be employed with abundantly sufficient accuracy in making the small correction for the wind. We have, therefore-• F = AY'2-2B v Y \ where V' is given by (a). In order that the anemometer may be neither accelerated nor retarded from one revolution of the merry to another, the mean effective force must be n il; and taking the means of both sides of the above equation, observing that, in conse quence of the supposed largeness of the moment of inertia, v is sensibly constant during one revolution of the merry, we have on employing the approximate value of the mean of V' or (a) already used-1 /4 Prof. G. G. Stokes. so that, on th is supposition, the mean correction for the wind is 3W 2/4V, or three times the correction of the former supposition.
The mean value of the radical (Vf) is given by an elliptic function ; b u t even m an extrem e case among the experiments, when the ratio of the velocity of the wind to th a t of the anemometer is as great as 3 to 5, the error of the approxim ate expression V + W 2/4V amounts only to about O'Ol mile an hour, which m ay be quite disregarded. The error in employing (d) for the determ ination of U instead of (c) is of about similar amount.
Three anemom eters were tried, namely, one of the old Kew standard pattern, one by Adie, and K raft's portable anemometer. Their dimen sions will be found a t the heads of the respective tables below. W ith each anemometer the experim ents were made in three groups, with high, moderate, and low velocities respectively, averaging about 28 miles an hour for the high, 14 for the moderate, and 7 for the low. Eacli group again was divided into two subordinate groups, according as the cups were direct, in which case the directions of rotation of the merry and of th e anemom eter were opposite, or reversed, in which case the directions of the two rotations were the same.
The data furnished by each experim ent were : the time occupied by the experiment, the num ber of revolutions of the merry, the number of apparent revolutions of the anemometer, given by the difference of readings of the dial at the beginning and end of the experiment, and the space S passed over by the wind, deduced from the difference of readings of the fixed anemometer at the beginning and end of the experiment.
The object of the experim ent was, of course, to com pare the m ean velocity of the centres of the cups w ith the mean velocity of the air relatively to the anemometer. I t would have saved some numerical calculation to have compared merely the spaces passed through during th e ex p erim ent; b u t it seemed b etter to exhibit the velocities in miles per hour, so as to make the experim ents more readily comparable w ith one another, and w ith those of other experimentalists. In th e reductions I employed 4-figure logarithm s, so that the last decimal in V in the tables cannot quite be trusted, but it is retained to m atch th e correction for W , which it seemed desirable to exhibit to O'Ol mile.
. . On reducing th e experim ents w ith the low velocities, 1 found the results extremely irregular. I was subsequently inform ed by Mr. Whipple, th a t th e machine could not be regulated a t these low velocities, for which it was never intended, and th a t it sometimes went round fast, sometimes very slowly. H e considered th a t the experiments in this group were of little, if any, value, and th a t they ought to be rejected. They were besides barely half as num erous as those of the m oderate group. I have accordingly tho u g h t it best to omit them altogether.
In the following tables the first column gives the group, H standing for high velocities, M for m o d era te; the subordinate group, -stan d ing for rotation of the anemom eter opposite to th a t of th e m achine, + for rotations in the same direction, and lastly the reference num bei of the experim ent in each subordinate group. T gives the duration of the experim ent in m in u te s; n the num ber of revolutions of the m achine; N the num ber of apparent revolutions of th e an em om eter; S the space passed over by th e n atu ra l wind, in miles. These form the data.
From them are ca lc u lated : V , th e velocity of the anemometer, in miles per h o u r; W , the velocity of th e w in d ; the mean of the two corrections to be added to V on account of the wind, according as we adopt one or other of the extrem e hypotheses as to the m om ent of inertia of the anemom eter, namely, th a t it is very small or very large. The actual correction will be half the number in this column on the first supposition, and once and a-half on the second. *V\, Vg denote the velocity of the anemometer, or, in other words, of the artificial wind, corrected for the natural wind on these two suppositions respectively, so th a t th e last two columns give 100 times the ratio of the registered velocity to the true velocity, or the registered as a percentage of the true, the registered velocity meaning th at deduced from the velocity of the cups on em ploying the usual factor 3.
The dials of the first two anemometers read only to 10 revolutions, which is the reason why all the num bers N end w ith a 0.
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The Old Kew Standard. The mean results for the high and moderate velocities, contained in the preceding tables, are collected in the following The mean errors exhibited in th e above table show no g reat " l r C sm annoSr W g T in e j e c t i n g 'f o " wind. T h e r e T p e £ to be a slight indication, beyond w hat m ay be m erely casual, th at the errors are a little g reater on the la tte r supposition th an on the former, which is w hat we should ra th e r e x p e c t; for an anem om eter would ge pretty well under way in a fraction of a revolution of the w hir ing instrum ent. However, the difference is so small th a t it will suffice to take the mean of th e two as the m ean error belonging to the p a r ticular anemometer, class of velocity, and character of rotation under consideration.
Diameter of Arms between Centres of Cups 48 inches; Diameter of
F rom the m ean errors we m ay calculate near y enough, by th e usual formulae, the probable errors of th e various mean percentages for rotations opposite and alike. The probable errors of these mean percentages come out as follow s:
Kew, TO for hig h velocities; 2'7 for m oderate velocities. Adie' , 1-5 " " 2-0 K raft, 0-9 " " These probable errors are so small th a t it appears th at for the high and even for the m oderate velocities the experim ents are extrem ely trustworthy, except in so fa r as they may be affected by systematic sources of error.
I f we compare the registered percentages of the tru e velocity ot the air relatively to the anemometer according as the rotations are in opposite directions or in the same direction, we see th at in five out of the six cases they are slightly greater when the rotations are opposite The sole exception is in the group " Adie, high velocities," which i8 made up of the groups " Adie H -" and " Adie H + ." On referring to the principal table for the Adie, we see th at Experim ents 3 and 4
in group H + give percentages usually high, depending on the high values of 1ST. These raise the mean for the group, and make the mean error far greater than those of the other five groups for high velocities. There appears little doubt, therefore, that the excess of percentages obtained for rotations opposite is real, and not merely casual. I t is, however, so small as to give us much confidence in the correctness of the mean result, unless there were causes to vitiate it which apply to both directions of rotation alike. I t may be noticed th at the difference is greatest for the Kew, in which the ratio of r t o R is greatest, r denoting the radius of the arm of the anemometer, and R the distance of its axis from the axis of revolution of the machine, and appears to be least (when allowance is made for the two anomalous experim ents in the group " Adie H + ") for the K raft, for which r/R is least. In the Kraft, indeed, the differences are roughly equal to the probable errors of the means. In these w hirling experim ents r/R is always taken small, and we might expect the correction to be made on account of the finiteness of R to be expressible in a rapidly converging series according to powers of r/R , say-We may accept, therefore, the mean results as not only pretty well freed from casual irregularites which would disappear in the mean of kn infinite number of experiments, but also, most probably, frona t e imperfection of the representation of a rectilinear motion of the Anemometer by motion in a circle of the magnitude actually employed l881 ] o f some Experiments with W hirled Anemometers. 181
In the experiments. . , ■ Before discussing further the conclusions to be drawn from the results obtained, it will be well to consider the possible influence of systematic sources of error.
. . 1. Friction.-No measure was taken of the amount of friction, nor were any special appliances used to reduce i t ; the anemometers were mounted in the merry just as they are used in actual registration. Friction arising from the weight is guarded against as far as may be in the ordinary mounting, and what remains of it would act alike m the ordinary use of the instrument and in the experiments, and as far as this goes, therefore, the experiments would faithfully represent the instrument as it is in actual use. But the bearings of an anemometer have also to sustain the lateral pressure of the wind, which in a high wind is very considerable; and the construction of the bearing has to be attended to in order that this may not produce too much friction. So far the whirled instrument is in the same condition as the fixed. But besides the friction arising from the pressure of the artificial wind, a pressure which acts in a direction tangential to the circular path of the whirled anemometer, there is the pressure arising from the centrifugal force. The highest velocity in the experiments was about 30 miles an hour, and at this rate the centrifugal force would be about three tjmes the weight of the anemometer. This pressure would consider ably exceed the former, at right angles to which it acts, and the two would compound into; one equal to the square root of the sum of their squares. The resulting friction would exceed a good deal that arising from the pressure of the wind in a fixed anemometer with the same velocity of wind (natural or artificial), and would sensibly reduce the velocity registered, and accordingly raise the coefficient which Dr. Robinson denotes by m, the ratio, namely, of the velocity of the wind to the velocity of the centres of the cups. It may be noticed that the percentages collected in the table on p. 179, are very distinctly lower for the moderate velocities than for the high velocities. Such an effect would be produced by frietion; but how far the result would he modified if the extra friction due i>o the centrifugal force were got rid of, and the whirled anemometer thus assimilated to a fixed anemometer, I have not the means of judging, nor again how far the percentages would be still further raised if friction were got rid of altogether.
Perhaps the best way of diminishing friction in the support of an anemometer is that devised and employed by Dr. Robinson, in which the anemometer is supported near the top on a set of spheres of gun. I metal contained in a box with a horizontal bottom and vertical side which supports and confines them. For vertical support, this seems to leave nothing to be desired, but when a strong lateral pressure has to be supported as well as the weight of the instrument, it seems to me that a slight modification of the mode of support of the balls might be adopted with advantage. When a ball presses on the bottom and vertical side of its box, and is at the same time pressed down by the horizontal disk attached to the shaft of the anemometer which rests on the balls, it revolves so that the instantaneous axis is the line joining the points of contact with the fixed box. But if the lateral force of the wind presses the shaft against the ball, the ball cannot simply roll as the anemometer turns round, but there is a slight amount of rubbing.
This, however, may be obviated by giving the surfaces where the ball is in contact other than a vertical or horizontal direction.
Let AB be a portion of the cylindrical shaft of an anemometer; CD, the axis of the shaft; EFGrHI, a section of the fixed box or cup containing the balls ; LMN, a section of a conical surface fixed to the shaft, by which the anemometer rests on its balls; FIKM, a section of one of the balls ; F, I, the points of contact of the ball with the box; M, the point of contact with the supporting cone; K, the point of 182
Prof. G. G. Stokes. contact or all but contact of the ball with the shaft. The ball is sup posed to be of such size that when the anemometer simply rests on the balls by its own weight, being turned perhaps by a gentle wind, there are contacts at the points M, F, I, while at K the ball and shaft are separated by a space which may be deemed infinitesimal. Lateral pressure from a stronger wind will now bring the shaft into contact with the ball at the point K also, so that the box on the one hand and the shaft with its appendage on the other, will bear on the ball at four points. The surface of the box as well as that on the cone LIS' being supposed to be one of revolution round CD, those four points will be situated in a plane th ro u g h CD, which will pass of course th ro u g h the centre of the ball.
• , . ^ T If the ball rolls w ithout rubbing at any one of th e four points r , 1, K M as the anemometer tu rn s round, its instantaneous axis m ust be the line joining the points of contact, F, I, w ith the fixed box. B u t as at M and K likewise there is nothing b u t rolling, the instantaneous motion of the ball may be th ought of as one in w hich it moves as if it were rigidly connected w ith the shaft and its appendage, com bined with annotation over LN A B supposed fixed. F o r th e two la tte r motions the instantaneous axes are CD, M K, respectively. L et M K produced cut CD in 0 . T hen since the instantaneous m otion is com pounded of rotations round two axes passing th rough O, th e in stan taneous axis m ust pass th ro ugh 0 . B u t this axis is F I. Therefore, FI must pass th ro u g h 0 . H ence th e two lines F I, M K, m ust intersect the axis of th e shaft in the same point, which is th e con dition to be satisfied in order th a t the ball m ay roll w ithout rubbing, even though im pelled laterally by a force sufficient to cause th e side of the shaft to bear on it. The size of th e balls and th e inclinations of the surfaces adm it of considerable latitu d e subject to the above condition. The arrangem ent m ig h t suitably be chosen som ething like th at in th e figure. I t seems to me th a t a rin g of balls con structed on th e above principle would form a very effective upper support for an anem om eter w hirled w ith its axis vertical. Possibly the balls m ight get crowded together on th e outer side by the effect of centrifugal force. This objection, should it be practically found to be an objection, would not of course apply to th e proposed system of m ounting in the case ©f a fixed anemom eter. Below, the shaft would only require to be protected from lateral m otion, which could be done either by friction wheels or by a rin g of balls constructed in the usual manner, as there would be only three points of contact.
2.
Influence on the Anemometer of its own Walce.-B y th is I do not mean the influence which one cup experiences from the w ake of its predecessor, fo r th is occurs in the w hirling in alm ost exactly th© same way as in the norm al use of the instrum ent, b u t the m otion of th e air which rem ains a t any point of the course of th e anem om eter in consequence of the disturbance of the air by the anem om eter when it was in th a t neighbourhood in the next preceding and the still earlier revolutions of th e w hirling instrum ent. I t seems to me th a t in the open a ir where th e a ir im pelled by the cups is free to move into the expanse of the atm osphere, instead of being confined by the walls of a building, th is m ust be but small, m ore especially as the wake would tend to be carried away by w hat little wind there m ight be at the time. On m aking some enquiries from Mr. W hipple as to a possible vorticose movement created in the air through which the anemometer passed, he wrote as follows : " I feel confident that under the circumstances the tangential motion of the air at the level of the cups was so small as not to need consideration in the discussion of the results. As in one or two points of its revolution the anemometer passed close by some small trees in full leaf, we should have observed any eddies or artificial wind had it existed, hut I am sure we did not." 3. Influence of the Variation o f the W ind; first, as regards which are not Rapid.-During the 20 or 30 minutes that an experiment lasted, there would of course be numerous fluctuations in the velocity of the wind, the mean result of which is alone recorded. The period of the changes (by which expression it is not intended to assert that they were in any sense regularly periodic), might be a good deal greater than that of the merry, or might be comparatively short. In the high velocities, at any rate, in which one revolution took only three or four seconds, the supposition that the period of the changes was large compared with one revolution is probably a good deal nearer the truth than the supposition that it is small.
On the former supposition, the correction for the wind during two or three, revolutions of the merry would be given by the formulae already employed, taking for W its value at the time. Consequently, the total correction will be given by the formulae already used, if wesubstitute the mean of W 2 for the square of mean W. The former is necessarily greater than the latter; but how much, we cannot tell without knowing the actual variations. We should probably make an outside estimate of the effect of the variations, if we supposed the' velocity of the wind twice the mean velocity during half the duration of the experiment, and nothing at all during the remainder. On this supposition, the mean of W2 would be twice the square of mean Wr and the correction for the wind would be doubled. At the high velocities of revolution, the whole correction for the wind is so very small, that the uncertainty arising from variation as above explained is of little importance, and even for the moderate velocities it is not serious.
4. Influence of Rapid Variations of the Wind.-Variations of which the period is a good deal less than that of the revolutions of the whirling instrument act in a very different manner. The smallness of the corrections for the wind hitherto employed depends on the cir cumstance that with uniform wind, or even with variable wind, when the period of variation is a good deal greater than that of revolution of the merry, the terms depending on the first power of W, which letter is here used to denote the momentary velocity of the wind, disappear in the mean of a revolution. This is not the case when a particular velocity of wind belongs only to a particular part of the circle de scribed by the anemometer in one revolution. In this case there will in general be an outstanding effect depending on the first power of W,
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o f some Experim ents with W hirled Anemometers. 185 which will be considerably larger than that depending on W 2. Thus Suppose the velocity of whirling to be 30 miles an hour, and the average velocity of the wind 3 miles an hour; the correction for ' die Wind supposed uniform, or if variable, then with not very rapid Variations, will be comparable with 1 per cent, of the whole; whereas, with rapid variations, the effect in any one revolution may be cambarable with 10 per cent. There is, however, this important difference between the two : that whereas the correction depending on the square leaves a positive residue, however many experiments be made, the jeorrection depending on the first power tends ultimately to disappear, unless there be some cause tending to make the average velocity of the wind different for one azimuth of the whirling instrument from what it is for another. This leads to the consideration of the following con ceivable source of error.
5. Influence of Partial Shelter of the Whirling .-On visiting the merry-go-round at the Crystal Palace, I found it mostly surrounded by trees coming pretty near it, but in one direction it was (approached by a broad open walk. The consequence is, that the anemometer may have been unequally sheltered in different parts of its circular course, and the circumstances of partial shelter may have varied according to the direction of the wind. This would be liable to leave an uncompensated effect depending on the first power of W . T do not think it probable that any large error was thus introduced, but it seemed necessary to point out that an error of the kind may have existed.
The effect in question would be eliminated in the long run if the whirling instrument were capable of reversion, and the experiments were made alternately with the revolution in one direction, and the reverse. For then, at any particular point of the course at which the anemometer was more exposed to wind than on the average, the wind would tend to increase the velocity of rotation of the anemometer for one direction of revolution of the whirling instrument just as much, ultimately, as to diminish it for the other. Mere reversion of the I cups has no tendency to eliminate the error arising from unequal ex posure in different parts of the course. And even when the whirling instrument is capable of reversion, it is only very slowly that the error arising from partial shelter is eliminated compared with that of irregularities in the wind; of those irregularities, that is to say, which depend on the first power of W. For these irregularities go through their changes a very great number of times in the course of an ex periment lasting perhaps half an hour ; whereas, the effect of partial ■ shelter acts the same way all through one experiment. It is very > desirable therefore, that in any whirling experiments carried on in the open air, the condition of the whirling instrument as to exposure or shelter should be the same all round. Suppose now F to be so large, positive or negative, as to make v so great th a t Y may be neglected in comparison with it, then we may th in k of the cups as whirled round in quiescent air in the positive or usual direction when F is negative, in the negative direction when F is greater th an F r W hen F is sufficiently large the resistance may be taken to vary as v3 . F or equal velocities v it is muc the concave side goes foremost, than when the rotation is the other way. F or air im pinging perpendicularly on a hemispherical cup, Dr. Robinson found th a t the resistance was as nearly as possibly four tim es as great when th e concave side was directed to the wind as when the convex side was turned in th a t direction.f W hen the air is a t rest and th e cups are w hirled round, some little difference may be made by th e wake of each cup affecting the one th at follows. S till we cannot be very far w rong by supposing the same proportion, 4 to 1, to hold good in this case. W hen F is large enough and negative, F may be taken to vary as vz, say to be equal to -Lv~.
Similarly, when F is large enough and positive, F may be taken equal to L V , where in accordance w ith the experim ent referred to, L' must be about equal to 4L. Hence we m ust have nearlyrj=-Lf2, when f is positive and very la rg V = 4 L p " negative " "
Hence if we draw the semi-parabola OAB corresponding to the equa tion ?7= 4L £2 in the quadrant 17O -f, and the semi-parabola OCD with a latus lectum four times as great in the quadrant £0
our curve a t a great distance from the origin m ust nearly follow the parabola OAB in th e quadrant rjO -£, and the parabola OCD in the quadrant fO -rj, and between the two i t will have some flowing form such as PNM K. There m ust be a point of inflexion somewhere between P and K, not improbably w ithin the positive quadrant £0
In the neighbourhood of this point the curve NM would hardly differ from a straig h t line. Perhaps this may be the reason why Dr. Robinson's experim ents in the paper published in the " Phil. Trans." for 1878 were so nearly represented by a straight line.
